This paper describes the preparation of ceramic foams by expansion of a ceramic suspension based on a polyurethane system. The microstructure and degree of reticulation of the foamed ceramic were examined and analysed with the help of a simple geometrical model. Like the porous ceramics prepared by the replica processing method, these foamed ceramics possess open cells in a nearly equiaxed shape but the cell size is much ®ner. The ratio of the window size to the cell size is a useful parameter for characterising the geometry of the foam and is related to the qualitative concept of degree of reticulation. For a face centred cubic array of cells it is related geometrically to the volume fraction of porosity and this relationship is tested using microstructural measurements for a range of ceramic foams. #
Introduction
Reticulated ceramics are highly versatile porous materials which are used primarily in applications wherē uid transport in the microstructure is required. These include molten metal ®ltration, hot gas ®ltration, catalyst supports, and such foams are now ®nding novel applications in the aerospace, electronics and pollution abatement ®elds among others. 1 In order to meet the stringent requirements for some of these applications, there is a need to develop improved processing techniques. Several reviews of ceramic foams and their fabrication have recently appeared, including those by Saggio-Woyansky, Scott and Minnear 2 Sepulveda 3 and Rice. 4, 5 Among these, the polymer foam replication method patented by Schwartzwalder and Somers in 1963 6 seems to be the most popular method employed to produce ceramic foam with open-cells. One possible drawback of this method is the tendency for it to leave either a hole or carbonaceous residue at the centre of each strut resulting from the pyrolysis of the polymer skeleton.
The nature of this characteristic defect is critical for the mechanical properties. 7 A range of techniques for ceramic processing based mainly on aqueous media and known collectively as`g elcasting'' 3, 8, 9 can also be applied to the preparation of ceramic foams. The increase in viscosity which allows shape to be retained in these processes is generally achieved by changes of pH or of temperature.
Aqueous polyurethane systems have been used to prepare ceramic foams by the incorporation of ceramic powder in slurry form before foaming. 10, 11 Conventional and commercially available polyurethane systems can also be used to produce ®ne (<1 mm cell size) ceramic foams. 12 The present work extends this procedure and accounts for the microstructure of foams produced in this way.
Experimental details

Materials
A two-component, diphenylmethane di-isocyanatebased system designed to form a high voidage rigid polyurethane (PU) foam on curing was supplied by Baxenden Chemicals (Accrington, Lancs, UK). The grade was ISOFOAM RM6216W which is ideally suited for hand-mixing application. The resin component consisted of a pre-formulated mixture of polyols, catalysts, cell stabilisers, blowing agents and other additives which together with the isocyanate component determine the type of polyurethane foam produced. The isocyanate component was a grade of diphenyl methane di-isocyanate. The ceramic powder selected for this study was Alcan RA45E which is predominantly a-alumina with d 50 of 0.48 mm donated by Alcan Chemicals, Gerrards Cross, UK. The commercially available ceramic foams used for comparison were grades PRO-AL10, 20, 25 and 30 supplied by Hi-Por Ceramics Ltd., Sheeld, UK. The densities of cylindrical samples deduced from geometry and mass were 10, 17, and 28% of theoretical respectively.
Preparation of foams
The sequence of operations for preparing sintered foams is depicted in Fig. 1 . Based on previous work, 12 the starting volume fraction of 20 vol% ceramic based on the polymer phase was selected. Above this level, void fraction of the foam falls steeply. 12 In terms of uniformity of mixing, the ceramic powder was added to both the resin and the isocyanate component and stirred at 2400 rpm for 300 s. After dispersing the powder in the foam components, they were combined and stirred for 20 s at 2400 rpm. The mixture was poured into a wide shallow cardboard container allowing the foam to rise freely. After rising, the foam was left at room temperature for at least 24 h to ensure complete reaction.
Pyrolysis and sintering
Thermogravimetric analysis (TGA) was carried out on the foamed suspension in order to judge the pyrolysis and sintering schedules. A Perkin±Elmer Model TGS-2 analyser was used with a¯ow rate of air of 25 ml/min and a heating rate of 10 C/min. Pyrolysis of the foams was performed in a temperature programmable furnace with an air¯ow of about 4 l/h at a heating rate of 5 C/h to 450 C. Sintering was achieved by heating to 1650 C for 2 h with a ramp of 2 C/min. The shrinkage resulting from these processes was measured using a travelling microscope. A Jeol JX840 scanning electron microscope was used to examine fracture surfaces of both the PU-ceramic foam and the sintered ceramic foams. Cell diameters were measured on those cells which presented an equator in the fracture face. Where the image of windows was eliptical due to perspective, the largest diameter was recorded. This method allowed both widow and cell diameters to be measured concurrently.
The software used to model the foam structure was Master Series (Ver. 6) produced by Structure Dynamics Research Group, SDRC, (Ohio, USA).
Results and discussion
The procedure used for mixing does not provide the high shear stress known to be needed to break up agglomerates in ceramic powders 13 and, therefore, the microstructure can be expected to contain undispersed agglomerates. A further problem associated with mixing is that the time permitted for mixing of the two components is limited by the onset of reaction to about 60 s. Nevertheless, the ®lled polyurethane rose suciently to produce foams of 125 kg m À3 corresponding to a void fraction of 93% based on the composite density of 1717 kg m À3 . A typical microstructure of a fracture surface of the un®lled polyurethane foam is shown in Fig. 2 (a) and a corresponding micrograph of the ®lled foam is shown for comparison in Fig. 2(b) . Generally, the ceramicpolymer foam has a similar structure to the un®lled foam. In neither case was there a perceptible anisotropy of cell shape associated with the rise direction. Most of the cells are closed with a thin membrane as the window. The several punctured windows seen in Fig. 2 (a) are associated with the damage caused by specimen preparation during fracture near to the boiling point of liquid nitrogen. The main dierence is the cell size which, for the un®lled foam is 590 mm compared with 250 mm for the ®lled foam. This can be attributed in part to the enhanced sites for heterogeneous nucleation oered by the powder and partly to the higher viscosity of the liquid which tends to resist expansion. Fig. 3(a) shows the microstructure of the polymerceramic foam in more detail. It appears to show that the ceramic powder segregates to the struts as noted previously for TiO 2 powder. 12 This may be associated with the biaxial elongational¯ow of a thin ®lm of liquid of similar thickness to the particle size (%1 mm). It has the advantage of producing an open cell structure because the windows are lost upon pyrolysis. Thus, in a system such as this where segregation occurs, even if the polymer system is designed to give a closed cell structure, the ceramic foam produced therefrom is reticulated. This oers an additional mechanism for the development of reticulation to that proposed by Minnear 11 which was that cell walls break at some characteristic thickness. Fig. 3(b) shows (top centre) fracture sections through struts showing that they are free from the large internal skeletal relic of polymer as seen in ceramic foams made by slurry in®ltration. The open window shown in this micrograph has perforated during the foaming process but the incidence of such windows throughout the un®red foam was less than 1%. Fig. 3(c) shows, at a higher magni®cation, the powder depletion in the windows.
The thermogravimetric weight loss (Fig. 4) shows a three stage decomposition for the cured polyurethane system culminating in the loss of carbonaceous residue at $630 C in air. On this basis, the heating schedule described in Section 2 was devised for samples of 40 mm cube. Because of the low thermal conductivity, larger samples may need much lower heating rates.
The microstructure of the sintered ceramic foam is shown in Fig. 5 . The fracture was created after sintering. The cell shape is polyhedral and the average cell diameter is 150 mm with quite a narrow size distribution. This is due to the nature of the foaming process and will be discussed below. All the cells have open windows and the average diameter of the windows was 70 mm. A reticular structure was achieved after sintering and the degree of reticulation is high although this is a dicult microstructural feature to quantify.
Minnear characterised the reticulation using a slightly subjective scale of assessment which was related in a simple way to cell wall thickness and hence void fraction by considering a model of a stack of cubic cells with¯at walls of uniform thickness. 11 For a reticular foam produced by the foaming method used in the present work, the packing of near-spherical cells which have nearly the same size can be considered as a face centred array with co-ordination number 12. Many theoretical models for cellular materials assume that the cells or pores are packed in cubic array. 5 There are many reports of models for cellular materials based on co-ordination numbers of 12 and 14 which are reviewed by Gibson and Ashby.
14 In contrast Acosta et al., 15 in studying the ratio of window diameter to cell diameter of ceramic foams made by the in®ltration, pyrolysis and sintering of open cell polyurethane foams, adopted the body centred cubic packing structure with co-ordination number 8. The cellular structures presented by the ceramic foams considered in the present work suggest that a co-ordination number of 12 is more appropriate. Supporting evidence for this kind of structure relating to a foamed ceramic can also be found in some commercial products. 7 Typical microstructures of foamed 99.8% alumina (ex Hi-Por Ceramics) with densities of 10 and 17% of theoretical are shown in Fig. 6 and they reveal an array of reasonably uniformly sized nearspherical cells.
The condition for an open window to form can be taken as the overlap of neighbouring cells, each considered spherical. A face centred cubic lattice is considered with lattice parameter, a, and with cells of diameter D, centred at lattice points. Considering the <110> directions, the cells touch when
which is the condition for an open cell structure. As D increases, the circle formed by the intersection of nearest neighbour cells de®nes a window diameter d. Thus
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The lower limit corresponds to the point contact of neighbouring cells at which the pore volume fraction V p 0X74, while the upper limit corresponds to D a at which point the foam no longer contains a solid phase and the volume fraction of pores, V p 1.
At intermediate cell intersections where V I is the volume of one of the 24 full intersections between cells. Since, from the geometry of a {100} plane
R and the volume of an intersection is given by
T where k daD. Thus, the ratio of the window to cell diameters is directly related to the pore volume fraction and this allows a comparison with the microstructure. A plot of V p vs daD is shown in Fig. 7 for 0X74`V p`1 X0. The data in this ®gure agree with mensuration deduced from the images generated on the SDRC design software. Using such software packages, the co-ordination number can be varied by exploring dierent packing arrangements and iteration can be applied to modify the structure according to a minimum solid area criterion.
In this work such a criterion has not been applied and so the computer simulation shows that the structure breaks up at daD 0X5 corresponding to V p 987. Eq. (6) also begins to fail at about V p 97X77 because it does not exclude secondary overlaps. The unit cell in the computer simulation is shown in Fig. 8 for a foam of porosity 88% and daD 0X37 indicating the spherical overlapping cells and windows. The relative strut thickness deviates from that observed in the microstructure simply because the shape has not been constrained to minimise the solid surface area. Fig. 7 shows the monotonic increase in window diameter as the void fraction increases and can be compared directly with microstructural measurements. For the foams described in Ref. 12 , sample 54/PM gave daD 0X28 and contained 80% voids; the model predicts V p 0X825. Foam 46/PM gave daD 0X38 and had V p 937; the model predicts 89%. There is a substantial spread associated with these values of daD which is re¯ected in the 95% con®dence limits in Fig. 7 . Foam 60/PM with 68% voids showed an almost completely closed cell structure in the sintered state as predicted by this model. The data points corresponding to these values are superimposed on the model curve in Fig. 7 .
The alumina foam shown in Fig. 5 of this paper has daD 0X45 and the corresponding value of V p based on this model is 94% which corresponds to the measured porosity. For the foams shown in Fig. 6(a) and (b) , the measured values of daD were 0.26 and 0.34 and the corresponding measured void fractions were 0.83 and 0.90. The model gives values of V p of 0.82 and 0.86 respectively. A more dense ceramic foam from this family with measured porosity of 0.78 gave an average value of daD of 0.1 but was not plotted in Fig. 7 because the microstructure showed that the cell diameter was far from uniform and the geometry of the model did not therefore apply. The foaming mechanisms of polymeric systems are well understood as illustrated by Saunders. 16 They include bubble formation, growth and stabilisation. When a bubble is ®rst formed, it is a sphere surrounded by a liquid phase. As more gas is generated, new bubbles may form if gas concentration suciently exceeds the supersaturation at which the ®rst bubbles were formed. Alternatively, it may diuse from the liquid phase into existing bubbles, causing them to become larger. It may also diuse to the external surface. All these processes are competitive and the result is that all bubbles in the foam are expected to be similar in size because they were initiated at practically the same time and competed with each other for dissolved gas. As shown in Figs. 5 and 6, the cell size distribution for the foamed ceramic is quite narrow.
During the foaming process, bubble walls in low viscosity systems may be thinned by drainage due to gravity and also by capillary action. Capillary pressure at the junction of two or more ribs in a cell is lower than in the membrane because of the greater curvature of the liquid±vapour interfaces. This is considered to promotē ow from the membranes to the ribs, leading to thinning of cell walls and sometimes to rupture.
The viscosity of the liquid phase during the foaming process plays a key role in bubble growth and stabilisation. The introduction of ceramic powder results in an increase in viscosity which can be predicted by generalised contiguity models. 17 At the low volume fractions of ceramic used in this work simple models based on an extension of Einstein's equation by the addition of terms of higher order of 0 can be used to estimate the eect of introducing ceramic powder and these are reviewed by Barnes. 18 One such expression proposed by Batchelor 19 is:
where s is the viscosity of the suspension, 0 is the viscosity of the suspending medium and 0 is the volume fraction of particles. At 0 0X2 the increase in viscosity is 75%. There is some evidence that such models, deduced for shear¯ow regimes can also be applied to the biaxial elongational mode which is involved in foam production. 20 During the foaming process a higher viscosity does not permit the membrane to¯ow fast enough to expand in response to the pressure of blowing agent gas.
Conclusions
Open cell ceramic foams with ®ne (150 mm) cell size, uniform cell size distribution and a high degree of reticulation have been prepared from a commercially available two-part polyurethane system. The foam does not suer from an inherent internal defect in the struts which is found in foams prepared by slurry in®ltration. A simple model based on the face centred cubic lattice adequately relates the window to cell diameter ratio with the void volume fraction and this correlates with microstructural measurements both on foams made by the technique described in this paper and on commercially available high porosity ceramic foams.
